Abstract. Ultraviolet (UV) irradiation induces the expression of matrix metalloproteinases (MMPs), disturbing the metabolism of extracellular matrix (ECM), and causes the characteristic changes of photoaging in skin. Inhibition of induction of MMPs is suggested to alleviate photoaging induced by UV irradiation. Zeatin, purified from Zea mays, is a member of the cytokinin group of plant growth factors, the activity of which is attributed to its more stable trans form. In this study, we investigated the effect of trans-Zeatin on UVBinduced matrix metalloproteinase-1 (MMP-1) expression in cultured human skin fibroblasts (HSFs) and studied the mechanisms of its actions. We found that pretreatment with trans-Zeatin significantly inhibits UVB-induced MMP-1 expression and c-Jun activation in a dose-dependent manner. We also observed that trans-Zeatin inhibits UVB-induced phosphorylation of ERK, JNK and p38 MAP kinases (MAPKs) dose-dependently. As expected, PD98059, an ERK inhibitor, SP600125, a JNK inhibitor and SB203580, a p38 MAPK inhibitor effectively inhibit UVB-induced phosphorylation of ERK, JNK and p38 MAPKs, respectively. Moreover, the inhibitory mechanism of trans-Zeatin was further demonstrated in MMP-1 secretion using MAPK-specific inhibitors. PD98059, SP600125 and SB203580 suppressed UVB-induced MMP-1 secretion, which is consistent with the above results. Collectively, our results suggest that trans-Zeatin inhibits UVB-induced MMP-1 expression, which may be mediated by inhibition of ERK, JNK and p38 MAPKs signaling pathways in HSFs. Trans-Zeatin is a potential agent for the management of skin photoaging.
Introduction
Skin is the most susceptible organ to damage by solar ultraviolet (UV) radiation, as it is directly exposed to UV light (1) . The solar UV light reaching earth comprises of a UVA wavelength (320-400 nm) and UVB wavelength (280-320 nm). These two UV wavelengths are distinguished by their penetration properties (2, 3) . UVB radiation reaches the upper part of the epidermis, a lesser extent of it, while UVA radiation penetrates more deeply into human skin (3, 4) . However, although showing obvious differences, both UVA and UVB irradiation are responsible for the numerous adverse biological effects on human skin, including sunburn, immunosuppression, as well as long-term consequences such as skin cancer and premature skin aging or photoaging (5, 6) . Amongst these various deleterious effects of UV irradiation, skin cancer and photoaging cause great social concern (6) .
Clinically, photoaged skin is characterized by coarse wrinkles, thickening, rough texture and mottled pigmentation (7) . Histological and ultrastructural studies revealed that the most prominent modifications in photoaged skin are in the dermis (7, 8) . These UV-induced changes comprise an excessive deposition of degenerative elastotic material, decrease in collagen fibrils and alteration of the ratios between different types of collagen (3, 9, 10) . Since elastin and collagen fibrils are responsible for the strength and resiliency of the skin, their disarrangement in photoaging causes the skin to age (7) .
It is proposed that UV irradiation leads to direct or indirect DNA damage and the formation of radical oxygen species (ROS) (11, 12) , which causes the subsequent activation of complex signaling pathways, followed by matrix metalloproteinases (MMPs) induction in skin cells (13, 14) . Furthermore, UV irradiation also activates growth factor receptors, which induce the activation of protein kinase cascades such as the MAP kinase (MAPK) signal transduction pathways in the cells (14) (15) (16) (17) (18) . The MAPK signaling pathways regulate a variety of cellular functions, including the expression of MMPs and the inhibition of collagen production, which interferes with the metabolism of extracellular matrix (ECM) and causes the characteristic changes of photoaging in histo- (11, (19) (20) (21) . MMPs are a family of zinc-dependent endoproteinases which are capable of degrading all components of ECM in skin photoaging. It is suggested that inhibition of induction of MMPs reduces UVinduced photoaging by preventing it from collagen degradation (22) . Therefore, the agents which decrease the level of MMPs' production are the main focus of recent research. Zeatin, purified from Zea mays, is a cytokinin in the group of plant growth factors (23) . It has two forms, trans and cis. The activity of zeatin is attributed to its more stable trans form (24) . Zeatin is one of the most widely studied cytokinins with growth modulatory and anti-senescence effects in plants (25) . A previous study showed that Zeatin possesses a variety of biological activities, such as anti-apoptotic efficacy, antioxidative activity, youth preserving and anti-aging effects on the human system (25) . However, there are no studies which report the effects of Zeatin on skin photoaging.
Given the potential biological activities of Zeatin, we undertook this study to investigate the effect of trans-Zeatin on UVB-induced matrix metalloproteinases-1 (MMP-1) expression in human skin fibroblasts (HSFs) and to further understand the mechanisms of its action. Our results demonstrate that treatment with trans-Zeatin inhibits UVBinduced MMP-1 expression, which is mediated by inhibition of MAPKs cell signaling in HSFs.
Materials and methods
Pharmacological agents. Anti-human MMP-1 antibody was purchased from Oncogene (Boston, MA), human phosphoextracellular signal-regulated kinase 1/2 (ERK1/2), phosphoc-Jun N-terminal kinase (JNK), phospho-p38 mitogenactivated protein kinase (p38 MAPKs), ß-actin and horseradish peroxidase-conjugated goat anti-mouse secondary antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Phospho-c-jun antibody was purchased from Cell signaling Technology (Beverly, MA). MAPK inhibitors (PD98059, SP600125, SB203580) were purchased from Sigma (Saint Louis, MO).
Cell culture. HSFs (derived from newborn skin) were acquired from the Chinese Academy of Medical Science. The cells were then cultured in Dulbecco's modified Eagle's medium (DMEM) (Hyclone, USA), supplemented with 10% fetal calf serum (FCS) (Invitrogen, AU), 100 U/ml penicillin and 100 μg/ml streptomycin. HSFs were cultivated in 75 cm 2 culture flasks, in an incubator at 37˚C humidified atmosphere containing 5% carbon dioxide. When they reached 80-90% confluency, the cells were subcultivated to 60 mm culture dishes.
UVB irradiation. As previously described (15) (16) (17) (18) 26) , four F36T12 ERE-VHO UV tubes were used in this study as the UV source. A Kodacel TA401/407 filter was mounted 4 cm in front of the tubes to block UVC (wavelengths below 290 nm). The irradiation intensity was monitored by UVR radiometer equipped with a UVB sensor (Bioblock Scientific, Belgium). Subconfluent HSFs were cultured in DMEM containing 0.1% FCS for 24 h, and subsequently incubated in DMEM with various concentrations of trans-Zeatin (Sigma, China) for 24 h. HSFs were then washed twice with fresh phosphate buffer saline (PBS) and exposed to UVB irradiation (30 mJ/cm 2 ) in a thin layer of PBS. After irradiation, the cells were incubated in DMEM for the indicated time.
Cell viability assay. Briefly, HSFs were seeded in a 96-well plate. After various concentrations of trans-Zeatin or UVB treatment, cells were cultured in 100 μl 10% DMEM in each well for the indicated time. MTT solution (10 μl) at a concentration of 5 mg/ml was added to each well, and the cells were then incubated at 37˚C for 4 h. The medium was removed, and 200 μl of Dimethyl-sulfoxide (DMSO, Sigma, St. Louis, MO) was added into each well to dissolve formazan crystals by pipetting up and down several times. The absorbance was measured spectrophotometrically on an ELISA plate reader at a wavelength of 570 nm.
Enzyme-linked immunosorbent assay. Amount of MMP-1 in the culture supernatant, including the active form, was quantified by an enzyme-linked immunosorbent assay kit (BPB Biomedicals Inc, USA). Samples were measured in triplicates according to the manufacturer's instructions.
Western blot analysis. HSFs were homogenized in lysis buffer (20 mM Tris [pH 8.0], 150 mM NaCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA and phenylmethylsulfonyl fluoride each, 40 mM glycerophosphate, 125 μM Na 3 VO 4 , 50 mM NaF, 2 μg/ml of leupeptin, aprotinin, pepstatin each, and 1 mM dithiothreitol). Equal amount of proteins or equal volume of culture supernatants were electrophoresed on a 10% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE). Proteins were transferred onto polyvinylidene fluoride (PVDF) membranes. After blocking with 3% bovine serum albumin (BSA) in TBST buffer (20 mM Tris-HCl [pH 7.6], 137 mM NaCl, 0.05% Tween-20), the membranes were incubated with indicated antibodies overnight at 4˚C. Being washed three times with TBST, the blots were incubated with horseradish peroxidase-conjugated goat anti-mouse secondary antibody for 1 h at room temperature. Blotted proteins were visualized by enhanced chemiluminescence (Pierce, USA). The density of the bands was obtained using Quantity-One software (Bio-Rad, USA).
Statistical analysis. Data were statistically analyzed using the SPSS 11.0 Software. Results were expressed as means ±SD. Statistical analysis was determined by the Student's t-test. P<0.05 was considered statistically significant.
Results

The effect of trans-Zeatin on cell viability in human skin
fibroblasts. First, we tested whether trans-Zeatin affects cell viability in human skin fibroblasts using MTT assay. As shown in Fig. 1A , at a low concentration (80 μM), trans-Zeatin did not affect cell viability. Trans-Zeatin at 150 μM showed almost 95% cell viability. While the concentration was over 300 μM, trans-Zeatin had a cytotoxic effect on HSFs. We next examined the effect of trans-Zeatin on cell viability in UVB-exposed HSFs. The results showed that UVB irradiation (30 mJ/cm 2 ) showed slight cytotoxicity. Trans-Zeatin (20-80 μM) enhanced cell viability in HSFs irradiated with UVB (Fig. 1B) . In the following experiments, we used 30 mJ/cm 2 UVB irradiation and 20-80 μM of trans-Zeatin.
Effect of trans-Zeatin on UVB-induced MMP-1 expression.
It is well known that UV irradiation damages human skin cells and causes photoaging. UVA and UVB irradiation of dermal fibroblasts in vitro or human skin in vivo induces MMP-1 expression, which is implicated in the degradation of human skin matrix proteins such as collagen and other components of ECM (20, 22) . In this study, to investigate whether transZeatin affects the expression of MMP-1 in UVB-irradiated HSFs, cultured fibroblasts were pretreated with various concentrations of trans-Zeatin followed by UVB irradiation. MMP-1 protein levels were determined by ELISA and Western blotting respectively. As expected, the results showed that UVB irradiation significantly enhanced MMP-1 expression. ELISA results showed that pretreatment with trans-Zeatin markedly inhibited UVB-induced MMP-1 expression in a dosedependent manner compared to only UVB-irradiated group (Fig. 2A) . Similar results were observed by Western blotting (Fig. 2B) .
Inhibitory effect of trans-Zeatin on UVB-induced ERK, JNK, p38 MAPK and c-Jun phosphorylation.
Significant progress has been made towards understanding the molecular mechanisms underlying UV-induced MMPs expression. It was found that UV radiation activates growth factor receptors, which induces the activation of the MAPKs cascade. This activation is then followed by an increased expression of c-Jun and -Fos, which form the activator protein-1 (AP-1) complex with transcriptions of several MMPs, including MMP-1 (27) (28) (29) . To determine the possible mechanisms involved in trans-Zeatin's effect on UVB-induced MMP-1 expression, we further studied the effect of trans-Zeatin on UVB-induced activation of ERK1/2, JNK and p38 MAPKs in HSFs. PD98059, SP600125 and SB203580 were employed as positive controls respectively. As shown in Fig. 3A , B and C, trans-Zeatin inhibited UVBinduced ERK1/2, JNK and p38 MAPKs phosphorylation dosedependently, while having weak inhibitory effect on phosphorylation of ERK1/2 (20 and 40μM) and p38 MAPKs (20 μM). As MAPKs pathways influence AP-1 transactivation by increasing the level of AP-1 components or by altering the phosphorylation of their subunits, such as c-Jun (27, 30) , subsequently, we also investigated the effect of trans-Zeatin on the activation of c-Jun. The results showed that phosphorylation of c-Jun induced by UVB irradiation was significantly attenuated by trans-Zeatin (Fig. 3D) . 
Effect of MAP kinase inhibitors on UVB-induced
MMP-1 expression via inhibition of ERK1/2, JNK and p38
MAPKs dependent signaling pathways. To confirm the results, we pretreated HSFs with specific kinase inhibitors of each MAPK (20 μM PD098059, ERK inhibitor; 10 μM SP600125, JNK inhibitor; 10 μM SB203580, p38 kinase inhibitor). After UVB irradiation, secreted MMP-1 in the supernatants were harvested and determined by Western blotting. As shown in Fig. 4 , UVB-induced MMP-1 secretion was inhibited by all three MAPKs inhibitors, while SP600125 showed the strongest inhibitory effect. These results suggest that UVB-induced MMP-1 secretion in HSFs is mediated by the activation of the ERK1/2, JNK and p38 MAPKs signaling pathways. The findings further suggest that inhibition of MMP-1 expression by trans-Zeatin is partially mediated via the suppression of ERK1/2, JNK and p38 MAPKs signaling pathways in UVBirradiated HSFs.
Discussion
In recent years, more changes in lifestyle caused a significant increase in the number of people overexposed to UV irradiation, leading to a surge in the incidence of skin photoaging (6). As these trends are likely to continue in the foreseeable future, development of novel strategies to alleviate UV-induced photoaging are highly desirable (6) . Botanical antioxidants and natural compounds have gained considerable attention as photoaging preventive agents for human use. Zeatin, purified from Zea mays, is a member of the cytokinin group of plant growth factors (23) . There is a large amount of information available regarding the activity of Zeatin in bacteria, fungi and higher plants (25) . However, there is relatively little attention to the biological effects of Zeatin on the human system so far. In the present study, we investigated the inhibitory effect and action mechanism of trans-Zeatin on UVB-induced MMP-1 expression in HSFs.
UV irradiation is known to induce expressions of MMP-1, -3, and -9 in human skin in vivo and cultured human skin cells in vitro (31) (32) (33) . UV-induced MMP-1 expression induces the cleavage of collagen fibers. Once collagen is cleaved by MMP-1, collagen degradation is further promoted by MMP-3 and -9 (34). MMP-1, termed fibroblast-type or interstitial collagenase, is secreted by keratinocytes, fibroblasts, and macrophages. MMP-1 degrades collagen types I, II, and III, and is thought to play a pivotal role in the process of photoaging. These properties make MMP-1 an attractive target for the pharmacological development of anti-photoaging agents. Therefore, in this study, we examined the effect of trans-Zeatin on MMP-1 expression. We found that trans-Zeatin markedly suppresses UVB-induced MMP-1 expression in a dosedependent manner in HSFs (Fig. 2) . The results suggest that trans-Zeatin prevents UVB-induced collagen damage by inhibiting UVB-induced MMP-1 expression.
In (35) . In human skin, the transcriptional activity of AP-1 is also limited by the degree of phosphorylation of c-Jun (27, 30) . Our data show that trans-Zeatin efficiently inhibits UVB-induced phosphorylation of c-Jun (Fig. 3D ). Therefore, it is possible that trans-Zeatin inhibits UVBinduced MMP-1 expression via suppressing UVB-induced c-Jun activation. MAPK signaling pathways play an important role in regulating a variety of cellular functions, including MMPs expression (14, 27, 29) . MAPKs contain three general classes: ERK, JNK, and p38 MAPKs, mediating AP-1 activation. Activation of MAPKs occurs through the phosphorylation of specific threonines and tyrosines, and the components of AP-1 are phosphorylated after the activated MAPKs translocate to the nucleus (36) . In this study, we found that trans-Zeatin inhibits UVB-induced activation of ERK, JNK and p38 MAPKs (Fig. 3A, B, and C) . Furthermore, PD98059, an ERK inhibitor, SP600125, a JNK inhibitor and SB203580, a p38 MAPK inhibitor effectively inhibit UVB-induced phosphorylation of ERK, JNK and p38 MAPKs respectively, suggesting that trans-Zeatin suppresses MMP-1 expression via the ERK, JNK and p38 MAPKs signaling pathways. The inhibitory mechanism of trans-Zeatin was further demonstrated in the MMP-1 secretion using MAPK specific inhibitors. As shown in Fig. 4 , PD98059, SP600125 and SB203580 suppress UVB-induced MMP-1 secretion, which is consistent with the results shown in Fig. 3A , B and C. These data further suggest that transZeatin inhibits UVB-induced MMP-1 expression, which may be through the suppression of ERK, JNK and p38 MAPKs signaling.
It was shown that different natural compounds or botanical antioxidants with similar perspectives have different action mechanisms. For example, it was observed that epigallocatechin-3-gallate (EGCG), a polyphenolic compound inhibits UV-induced MMP-1 expression via inhibiting activation of c-Jun, -fos and p53, downstream proteins of JNK, p38 MAPK and ERK1/2 (29) . In addition, a previous study found that obovatol inhibits UVB-induced MMP-3 expression through inhibition of the activation of ERK, p38 MAPK, but not JNK signaling (37) . Our results support the notion that trans-Zeatin inhibits UVB-induced MMP-1 expression via inhibiting ERK, JNK and p38 pathways.
In summary, our study demonstrates that trans-Zeatin inhibits UVB-induced MMP-1 expression, which is mediated by inhibition of ERK, JNK and p38 MAPKs signaling pathways in HSFs. Our data suggest that trans-Zeatin is a potential agent for the management of skin photoaging.
